Plasmonic dipoles are famous for their strong absorptivity rather than their reflectivity.
Introduction
The specular reflection color in nature is a peculiar interference optical phenomenon originated from several optical processes including reflection grating, diffraction grating, coherent light scattering by periodic structures etc. [1] In contrast to such complex processes, creation of the specular reflection colors by amorphous plasmonic dipoles can be an efficient while simple alternative. Although tiny plasmonic dipoles with sizes below 10 nm are well-known for their strong absorption potential [2, 3, 4] , they have never been considered for creation of the vivid interference plasmonic colors. In this regard, some involved fundamental aspects are still unexplored that could be employed for creation of a diverse range of new properties. For example, the plasmonic specular reflection and the plasmonic Brewster phenomenon occurring at the resonance frequency are interesting new features. These versatile properties can bloom the design rules in the progressive fields of plasmonics. In this context, they can lead to generation of new, efficient perfect solar absorbers [5, 6, 7, 8, 9] in diverse colors, for instance. Also, they can be employed for induction of glowing interference plasmonic colors, with no need to use of sophisticated fabrication and patterning methods. [10, 11, 12, 13, 14] Such a feasibility can be beneficial to overcome the important shortcoming of the recently developed plasmonic biosensors. [15, 16, 17, 18, 19] The plasmonic biosensors introduced in the literature are able to detect analytes solely at a molecular level (e.g. surface detection via antibody/antigen functionalization) and within an enhanced local field of only a few nm. [15, 16, 17, 18, 19, 20] Bulk detection of biosamples based on plasmonic materials, which is essential for commercialization of the technique and its clinical implementation, has been rarely considered. The reason is that the localized plasmonic detection is not feasible based on bulk RI variations and with a minor change of molecular polarizability. This situation applies even when the sophisticated technique of the surface plasmon polariton in an ATR Kretschmann configuration (whose wavelength shift is ~0.5-1 nm) is exploited. [21] Here, we aim to manifest that ultrafine plasmonic (artificial) dipoles i.e. pure absorbers, act as macroscopic antennas and behave as quasi-metallic nano-mirrors. Accordingly, they create a specular reflection plasmonic color at the resonance frequency even if they are randomly distributed on a blackbody. Similar to the extinction based plasmonic response, the properties can be tailored by type and filling factor of the plasmonic nanoparticles and the host medium's polarity. To prove our hypothesis concerning emergence of the plasmonic color solely from the plasmonic nanoparticles, several systems based on silver (Ag) nanoparticles embedded dielectric host, and Ag and gold (Au) free nanoparticles on a substrate were studied. Thus, in fact, the role of the interface on appearance of the specularly radiated colors was elaborated. Ag and Au are the most widely used plasmonic materials and can be selectively employed in various targeted applications. In this study, Ag was implemented for the design of a perfect colored absorber with the emissivity comparable to a blackbody's in the mid-IR. Whereas, the most chemically stable Au nanoparticles were chosen for a biosensing purpose. Indeed, the specular reflection gives rise to the plasmonic Brewster effect that can be exploited in the design of a platform for environmental/bio detection of analytes in bulk states not attainable by the extinction mode of the localized plasmon. The effect enables a surface inspection function by light reflection.
Additionally, volume detection is realized via the Brewster effect and by irradiation of p-polarized light. Hence, visual detection of environmental and biological analytes (e.g. the serum exosomes associated with diseases) comes into practice.
Specular reflection plasmonic colors on transparent and blackbody hosts
The specular reflection of ultrafine dipoles is realized by the microscopic interference of the radiated Hertzian dipoles [22, 23, 24] caused by fluctuations of charges and current. [25] As a consequence of the interference, the material becomes an anisotropic polarized medium able to store energy while radiating the electromagnetic waves (i.e. the "real part" of RI) caused by the propagation delay. The collective oscillation of the dipoles leads to cooperative dipolar coupling. Such coupling results in a resonating specular reflection even if the dipoles are randomly distributed or the substrate is a blackbody (Figure 1a) . Figure 1b and c illustrate a single Hertzian dipole oscillator and coherent coupling of six disordered Hertzian dipoles in close proximity, respectively. When several dipoles are very close to each other, the overlap of their field radiation patterns leads to a dipolar photonic event. Such cooperative coupling creates the macroscopic radiation modes that are spatially and temporally coherent and appear as specular reflection. This fact was recently demonstrated by us for the oscillating photochromic dipoles embedded in a polymeric matrix. [25, 26] This phenomenon is applicable to any resonating Hertzian point dipole (bound and free electrons). To confirm this fact, we investigated the specular reflection and the Brewster effect of a nanocomposite composed of Ag nanoparticles (4-5 nm in diameter) embedded in a transparent silica (SiO2) matrix (20% filling factor) (Supplementary Figure 1) via a standard ellipsometry measurement. The details of fabrication, characterization and calculation of the effective properties of the nanocomposite have been described elsewhere. [27] Figure 2a-e shows the total and polarized specular reflection properties of a 20 nm film of the nanocomposite under oblique incidence. The light excites the charges to oscillate with the same frequency and to radiate secondary waves. [24, 25] The superposition of the secondary waves creates an elastically radiated field that appears as a specular reflection peak at 442 nm, Figure 2a . It is obvious that the peak at 442 nm is smeared when the incidence angle rises from 45° to 75° and a new peak emerges at 345 nm. To illustrate the phenomenon, the polarized reflection (under sand p-polarized light illumination) is considered. In the case of the s-polarized light reflection (Rs), the specular reflection peak appears at 442 nm (Figure 2b and c) . Since the oscillation direction of electric dipoles is always parallel to that of the reflected light, Rs increased gradually with increasing the incidence angle. A totally different trend was observed for p-polarized light (Figure 2d and e) and the gradually vanishing reflection of the peak at 442 nm was accompanied by a reflection dip at the angle of 65°. It is well known that magnetic induction, i.e. the radiated field polarized within the plane of incidence, can be observed under illumination with p-polarized light. It is characterized by diminishing the radiation once the incident light becomes perpendicular to the axis of the oscillating dipole antenna. As a result, the cooperative dipolar Brewster phenomenon emerges. [24, 25] The simulation data of the polarized specular reflection properties of the 20 nm thin film under oblique incidence for the stratified media (Figure 2c and e) are in good agreement with the corresponding experimental data (Figure 2b and d) . The simulation data were calculated via a thin film transfer matrix approach (to measure the simulated reflection versus wavelength) and by assigning effective optical properties of the nanocomposite. [27] 
Design of a Perfect Colored Absorber
According to the specular reflection response shown in Figure 2a , the Ag based plasmonic nanocomposite should appear blue 28 , yet not observable by naked eyes.
To visualize the blue color, a black substrate is used, whereby light transmission and diffuse scattering are blocked and the color originates exclusively from the specular plasmonic radiation event. The visualization of the macroscopic blue (reflection based) and yellow (absorption based) colors for the nanocomposites deposited on a black carbon tape and then on a transparent flexible polymer is demonstrated in Figure 2f .
Although, it is common to deposit or embed plasmonic dipoles in a transparent (neutral) matrix, a blackbody host or substrate is a new alternative for neutral hosting that has not been examined. Here, the dipolar reflection and the Brewster phenomenon are tailored by the well-known plasmonic parameters including size, filling factor, type of the resonating dipole, and medium polarity. Figure 3a demonstrates the adjustment of the plasmonic colors of ~ 3, 4, and 5 nm Ag deposited on transparent flexible polymer substrates and carbon tapes. The tunability of the extinction colors (yellow, blue, and red) emerged on the plastic foils was characterized in transmission mode, as presented in Figure 3b . In addition, the specularly reflected colors (dark blue, dark green and yellowish green) emerged on the black carbon tapes were characterized in reflection mode, as shown in Figure 3c . It is worthy to note that the environmental sensitivity of the plasmonic reflection color with respect to the host (surrounding) matrix is much higher than that of the transmitted/extincted light. Because, it relies on the propagation delay hence the change of the "real part" of RI. This point is visualized in Figure 3e -g. In Figure 3e , a dense assembly of Ag nanomirrors sputtered at 500 °C is seen that is subsequently covered by dielectrics of SiO2, AlN and composites made thereof at different ratios and thicknesses. Due to relying solely on the intensity changes, naked-eye detection of color differences of the coated samples in transmission mode is challenging ( Figure   3f ). Whereas, as seen in Figure 3g , the distinct rainbow colors mimicking natural colors are clearly visible on a black substrate and each one represents a specific coating material i.e. an optimum environmental sensitivity.
This unique feature can be seen for other plasmonic dipoles like Au as well.
However, to design a broad band perfect colored absorber without diminishing the high emissivity of the blackbody host in Mid-IR, Ag will be the best choice when considering the optical constants of Au and Ag at mid-IR wavelength of 5 µm. To explore this point while fully exploiting the striking specular radiation properties of plasmonic dipoles for colored solar absorber, we deposited Ag and Au nanoparticles on a commercial black carbon matrix. The commercial carbon spray (Senotherm) which is known as a commercial IR emissive product was used for this objective and coated with Ag and Au nanoparticles (a 5 nm thick layer). According to our measurements, this thickness is the critical thickness able to induce the plasmonic response (Supplementary Figure   3) . While the Ag nanoclusters appear in green color, the Au nanoclusters offer a unique golden brown color. This finding can be described by the optical constants (including RI (n) and extinction coefficient (k)) of the bulk metals in the IR range. For Au, n=2.19 and k = 27.7. While, for Ag, n =1.32 and k= 36.2 @ 5 µm. [29] Ag is well-known as a low loss material at optical frequencies and acts as a superior absorber in Mid-IR. This situation is opposite for Au nanoparticles.
Conclusively, this approach brings about a new design rule for a perfect colored absorber in a rational, simple and cost effective manner. Our strategy would govern a new generation of plasmonic radiated colors useful for a wide variety of applications including colored solar materials and finally would allow the plasmonic response to walk on its two legs namely absorptions and reflections as demonstrated.
Plasmonic Brewster phenomenon for biodetection and visual detection
By now, our main achievement has been based on the specular reflection of nanoparticles at the localized plasmon resonances. This effect can be employed in the design of perfect colored absorbers with tailored colors and/or emissivity depending on the type of metals. From now on, we switch our attention to the visualized detection and the plasmonic Brewster phenomenon, which in our belief can revolutionize the biodetection technology. Plasmonics has been successfully implemented to detect a wide variety of biomolecules with sensitivity of even a single molecule based on RI monitoring. [30] However, to date, complicated plasmonic biosensing techniques have not been successful in the bulk RI monitoring based detection that relies on the volume (incorporation) binding of analytes rather than their surface binding. [31] Thus, bulk detection has not found any practical clinical application. The scientific reason behind such incapability is that the plasmonic coupling results in local near field enhancement with field decay of only a few nm. Thus, microscopic, slight changes by the surrounding molecules or even by an ultrathin molecular film whose thickness does not exceed the decay length can be perfectly detected. On the other hand, the change occurring in the near field is not detectable by a far field observer. Thus, the most important challenge could be related to the detection of bulk analytes (thick films) where the microscopic changes are smeared out by averaging the local field and the system becomes an isotropic medium. In other words, any microscopic dipolar change of the surrounding matrix is not detected by the plasmon i.e. bulk detection can not be realized. [21] Here, we aim to address such a challenge. In our belief, the specular radiating plasmon along with the plasmonic Brewster phenomenon could be the key solutions.
The collective oscillation of the dipoles leads to cooperative dipolar coupling and interference that lead to formation of a propagating wave in the surrounding. The dipoles act as microscopic antennas able to store energy while radiating the electromagnetic waves, as schematically shown in Figure 4a . The near field region close to an antenna is dominated by the magnetic field, followed by a transition zone wherein the magnetic and electric fields co-exist. Finally, there is a far field zone that is controlled by the electric field. The uniqueness of the antenna is in its operation in the far field whereby information is transferred to an observer via a certain radiated color depending on the propagation delay by the surrounding medium. The color can be strongly altered by charge polarization that affects the propagation of the electromagnetic waves. Owing to the different paths of energy propagation, different interference patterns with distinguishable colors emerge that can be observed by a far field observer. Knowing that the wave speed is equal to the product of frequency and wavelength, if the oscillation frequency of a resonating antenna remains constant, the alteration of speed by the surrounding medium can be represented by a corresponding change in the radiated wavelength. For instance, presence of a bulk material atop the antenna can affect the speed of the wave's propagation, depending on its molecular polarizability. As a result, as seen in Figure 4b , the plasmonic blue color of the nanoparticle does no change notably, while different radiation colors emerge.
In this concept, the "Plasmonic Brewster phenomenon", with the angular and/or wavelength dependency could play a unique role. When p-polarized light penetrates into the bulk sample to be analyzed, the Plasmonic Brewster wavelength, PBW, shifts from tens of nm to hundreds of nm and enables bulk biodetection (Figure 5a) . A similar effect can be realized while testing several analytes at a fixed angle.
As the scientific principle behind the suggested Brewster sensing concept, the Brewster phenomenon diminishes the reflection of p-polarized light due to the nature of a dipole radiation pattern. Under this circumstance, the abrupt phase changes govern high sensitivity (S) for the biosensor, which can be described by the following equation: [32, 33] 
where R is the reflectivity, n is the refractive index, and λ0 is the wavelength of the minimum reflectivity in air. As deduced from this equation, the sensitivity, S, is at its maximum when R approaches zero. It is worthy to note that the spectral sensitivity estimated via diminishing of reflection is the basis of the surface plasmon polariton detection scheme (the so-called Kretchmann configuration). In such a scheme, a specific configuration and optical coupling are necessary to excite the plasmonic response and hence to diminish the reflection at the resonance frequency. However, owing to the limited decay length and plasmonic loss, the detection is limited solely to some molecular binding events onto the metal surface and it is not applicable for naked-eye and bulk biodetection of samples with different molecular polarizabilities. [21] Here, as a novel finding and even a breakthrough, we demonstrate the feasibility of naked-eye detection of biological analytes based on bulk refractive index change. In other words, at the PBW, the detection is based on the change of the RIs' real part (low loss) at the polarizing angle rather than the imaginary part (high loss)
applied by the conventional localized plasmon methods. On the other hand, molecular polarizability explains the mutual coupling between the excited dipole antenna and the induced dipole of the surrounding matrix. [25] The coupling varies based on the biomolecules (analytes)' concentration and can be detected using the PBW. In this regard, while surface detection is accomplished by using s-or p-polarized light with an incidence angle of e.g. below the plasmonic Brewster angle, at the PBW, p-polarized light penetrates into the sample and enables volume detection with high sensitivity.
Accordingly, using a micrometer thick film and based on the plasmonic Brewster effect, bulk biodetection is realized that is not attainable by localized plasmonic effects in transmission/extinction or scattering modes.
To examine validity and applicability of our postulate, first, simple biomolecules then human biological samples were considered as analytes. In the latter case, the approach was used to differentiate between the serum exosomes isolated from healthy and diseased individuals. Among the various plasmonic nanoparticles, Au nanoparticles are highly chemically stable hence, they are the best choice for fabrication of a plasmonic biosensor. [34] The biosensor was made by sputtering of a Au [35] which is much larger in the case of the Brewster mode. The limit of detection (LOD) of the biosensor for BSA protein was calculated through the equation (2) as: LOD=3S/M, where S is the standard deviation and M is the slope of the linear fitted curve. [36] The Brewster sensitivity enhancement factor (EF) can be calculated based on the ratio of the slopes in the Brewster and Transmission modes, respectively. Brewster mode emphasize the optimum sensitivity of our technique for bulk biodetection compared to transmission/extinction methods.
As another important finding, the biodetection can be carried out according to the Brewster's angle concept. In this regard, the biomolecules coated nanoparticles are considered as individual effective media with a specific RI. The RI varies depending on the conformation thus molecular polarizability of the protein shell, influenced by pH.
Proportional to the effective RI and the polarizability of the medium, the Brewster angle at which p-polarized light is diminished, changes. Figure 5g It is shown that a reflection dip and peak occur for pH10 and for pH7, respectively, indicating that the sample exposed to pH10 has a lower effective RI than the one subjected to pH 7. This behaviour is attributed to the protein denaturation at pH10 thereby the protein shell becomes less compact compared to that at the lower pH. Most interestingly, the plasmonic wavelength in the extinction measurement does not shift, as illustrated in the inset of Figure 5g , in agreement with our schematic shown in Figure   4b .
To benefit our "PBW" concept in real clinical biosensing, i.e. our main goal, we investigated its applicability in the detection of impaired human serum exosomes.
Exosomes contain and transport important biological molecules, such as proteins, lipids, micro-RNA and genetic materials. They are assumed to be impaired in a variety of biological processes and human diseases. [37, 38] Thus, tracking their changes can help identify different diseases. Particularly, exosomes could act as inflammatory or even cancer indicators because they carry molecular contents of the cells from which they release. [16] Our concept relies on molecular characteristics of the serum exosomes of healthy and diseased individuals including their specific molecular structures 39 and abundance. These characteristics induce different electromagnetic media for the cooperative plasmonic antenna. Furthermore, tailoring the vesicles' concentration in the sample to be analyzed would change mutual polarizability thus its detectability by our technique. The serum exosomes analyzed in this study were isolated by using an established precipitation method 40, 41 (ExoQuickTM, SBI/BioCat, Heidelberg, Germany) (see Methods section for further details). Similar to the BSA's case, the exosomes suspensions were drop cast on Au nanoparticles. Our technique enables naked-eye differentiation of exosomes of healthy individuals and patients in the reflection mode, as demonstrated by a camera image in Figure 6a . This significant detectability is hardly attainable via an extinction/transmission mode or the current transduction plasmonic detection methods of exosomes. [16, 42, 43] The obtained results imply drastic differences between the exosomes derived from healthy individuals and inflammatory bowel patients in the reflection mode. To prove our hypothesis concerning the applicability of the PBW concept in clinical biodetection, the wavelength shift of p-polarized light when contacting the exosomes derived from healthy individuals and those with inflammatory bowel disease was measured. As shown in Figure 6b and c, the wavelength shift (Δλ) in the transmission mode is negligible (less then ~20 nm), while it is as significant as ~ 232 nm at the Brewster angle which implies strong sensitivity of the PBW technique to polarity of the medium. The polarizability change and penetration of p-polarized light into the sample being analyzed at the PBW, 
Conclusion
Taking together, the findings presented here leveraged our comprehension of several optical phenomena based on tiny artificial dipoles. Such outcomes helped identify two amazing optical behaviors of resonating dipolar specular reflection and Plasmonic
Brewster wavelength phenomenon originating from a same plasmonic material.
Employing these promising features, a new vision of photonics and structural coloration in the disordered dipolar media on a blackbody and a new platform for hybridized optical and medical devices were realized. With respect to the latter achievement, as we proved, sensitivity of such a novel PBW sensor is far higher than that of the available plasmonic transduction sensors. In addition to bulk biosensing, our approach enables detection of any dielectrics including inorganic coatings.
On the other hand, our technique is indeed simple, cost effective, scalable, and offers interesting potentials for designing perfect colored absorbers and visual diagnostic applications. The plasmonic Brewster wavelength technique presented here is regarded as a novel, promising approach for a negligibly invasive (blood) clinical analysis.
Experimental Section
The Ag/SiO2 nanocomposites were fabricated via co-sputtering of the metals and SiO2 on a rotatable substrate. The sputtering chamber was lab made and all the experiments were conducted under a pressure of 10 -3 mbar. The sputtering was done with Ar as the inlet gas. Commercial carbon tapes were used as substrates. The filling factor was determined by a quartz glass balance and thickness of the film was 
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